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Figure 1: Left; Schematic of straw man design for an ARIANNA station, with 8 downward facing LPDA 
receivers and two upward tilted LPDA receivers. Most HRA stations consist of only 4 downward facing and 
no upward facing antennas, except station X, which has two LPDAs tilted upward from horizontal by 30 
degrees, with one nose pointing north and the other south. Right: Geographic coordinates (in Latitude and 
East Longitude) of the stations that comprise the HRA detector. 


1. Introduction 

The ARIANNA experiment is designed to detect diffuse, unresolved, and point fluxes of neu¬ 
trino emission in the energy interval between 10^ — 10^*’GeV [1], and work has started to investi¬ 
gate its capabilities down to lO^GeV. The primary objective of ARIANNA is to measure neutrinos 
associated with the flux of high energy protons and their interaction with the cosmic microwave 
background [2, 3, 4]. The ARIANNA collaboration plans to construct a surface array of indepen¬ 
dent, autonomous stations encompassing more than lOOOkm^ on the Ross Ice Shelf in Antarctica. 
The hexagonal radio array (HRA) serves as a pilot program for ARIANNA [5]. Each HRA station 
consists of four downward facing log-periodic dipole antennas (LPDA), though the baseline design 
for the next stage of development consists of 6-8 downward facing LPDAs (Ligure 1). These an¬ 
tennas will be sensitive to the radio emission that is created by the interaction of a neutrino in the 
ice. The ice to water interface at the bottom of the ice acts as a mirror that reflects the radio sig¬ 
nals to the antennas at the surface [6]. This paper describes the completed HRA, and its operation 
and performance between commissioning in mid-December 2014 and Austral sunset in mid-April 
2015. A report on the updated search for neutrinos can be found in [7]. 

2. Array layout and station hardware 

The right panel of Ligure 1 shows the geographic location (in latitude and east longitude) 
of each detector station of the HRA. Each site is a fully autonomous detector, instrumented with 
four LPDAs buried just below snow level. All necessary components of the detector station, in¬ 
cluding renewable power, data acquisition, and communications, require about 4 hours to install. 
The aluminium LPDAs have a boom length of 1.4 m and are designed for frequencies (in air) of 
105 — 1300MHz. Each station includes signal amplification spanning the 0.1 — IGHz bandwidth, 
2 G-sample/s data acquisition and digitization, a multi-level trigger, computing hardware including 
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Figure 2: Fraction of day in which stations are operational as a function of time. Shown are examples of 
a station with functional battery (black line) and without (red line). The shaded regions in the background 
indicate the fraction of a day in which the Sun was higher than a certain angle above the horizon. The Sun 
sets for Antarctic winter on April 20th. 

32 GB of solid-state data storage, system control and monitoring, a solar power tower and battery 
backup. Two communication modalities have been incorporated: The stations can receive com¬ 
mands and transmit data by long-distance wireless via a repeater, or they can do so by Iridium 
short-burst data messaging. For the latter, the bandwidth is limited to about 300 bytes per message, 
but on-site tests of low trigger-rate configurations have shown that this can be sufficient for real¬ 
time data transmission. The Iridium communication consumes less power and does not rely on a 
relay-tower. Two generations of ARIANNA station electronics have been deployed in two stages. 
Three HRA sites, plus site X, contain the first ATWD generation as discussed in [5]. Four newer 
stations are based on the SST data acquisition chip and consist of a single data acquisition board, as 
opposed to a motherboard plus daughter-card arrangement. They are considerably less expensive, 
use one third the power, offer deeper analog waveform capture (4 channels of 256 samples at 2 G- 
samples/s per chip) and include a simplified yet high-performance trigger system [8]. The updated 
stations also include improved amplifiers with flatter frequency response, greater stability and the 
integration of all band-pass filtering. 

3. Array performance 

The current array has been operational between December 2014 and April 2015, limited by 
winter’s permanent night on the Ross Ice Shelf. 

3.1 Rates and Livetimes 

Figure 2 shows the fraction of a day in which a station was operational. Two stations are 
shown, one with a battery and one in which the battery failed. The station with battery consistently 
shows an uptime of more than 90%. This station was up and taking data for a total of 121 days 
during this season. The deadtime is typically less than 6%, which is primarily determined by the 
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length of communications during which the data-taking is paused (about one minute every half 
hour). The collection of calibration data (typically ten minutes every twelve hours) is also included 
as livetime, though it is currently not used in the data analysis. The only significant dip visible 
in Figure 2 is a brief period in February, in which a heavy storm was recorded at the ARIANNA 
site. This caused repeated failures of long-distance wireless communication, and led to increased 
deadtime on many stations. During this period, some data was successfully transmitted from Site 
B in real-time using the Iridium network. In general, the station remains at high efficiency until 
fhe Sun sefs for fhe Anfarcfic winfer. The sfafion wifhouf functional battery shows fhe fealure of 
decreasing livefime as a funcfion of daylighf, as well as a greafer number of inefficienf periods. 
This particular sfafion suffered from a soffware failure fhaf lead fo occasional mulfi-day oufages. 
This issue was invesfigafed, and fhe pafch remofely disfribufed fo fhe ARIANNA sfafions, resolving 
fhe issue in February 2015. If is inferesfing fo nofe fhaf fhe power delivered by fhe Sun is already 
sufficienf once if is more fhan 2° above fhe horizon. However, a sfafion wifhouf baffery is more 
sensitive fo fransienf weafher condifions, such as heavy sforms like fhe one discussed above. These 
resulfs clearly illusfrafe fhe positive effecf of a baffery on livefime. Testing of a new generation of 
batteries fhaf are beffer able fo wifhsfand fhe cold femperafures is currenfly underway, and yielding 
promising resulfs. All sfafions will be equipped wifh bafferies in fhe nexf season. Our measured 
consumpfion of 6 Waffs or less per sfafion means fhaf a relatively small baffery pack can dramafi- 
cally improve sfafion livefime. During fhe operafional season fhe sfafions friggered af rafes of less 
fhan 0.1 Hz af fhresholds of 4a, which is a clear indication for fhe suifabilify of fhe location of 
ARIANNA and fhe absence of human-made radio-inferference. Excepfions fo fhis low frigger rafe 
can be found during heavy sforms and due fo asfronomical influences (see below). 

3.2 Sensitivity to background of Galactic and solar radio emission 

At frequencies below ~ 150 MHz the radio emission of the Galaxy contributes a significant 
fraction to the noise measured with well-designed antenna systems. The radio emission from the 
Sun will only be visible with a single antenna in periods where the Sun is radio-loud. This refers 
to solar bursts of various types, linked to the ejection of material from the surface of the Sun. A 
very strong solar burst occurred in the night of December 20th, 2014 [9], causing very strong X- 
ray flares, coronal mass-ejection, and strong auroras on Earth during the days following the burst. 
Signals coinciding with this burst and the auroras were found with high significance in the upward 
pointing antennas of the station at position X (Eigure 3). In addition, a significant increase in the 
trigger rates of the downward pointing antennas was found. This is the only significant increase 
that has been found during good weather conditions in the 2014/15 season. 

If the Sun is is radio-quiet, the diffuse radio emission of the Galaxy becomes the most promi¬ 
nent background signal below ~ 150MHz. As the radio emission of the Galaxy falls off exponen¬ 
tially with frequency, the largest contributions are expected at the lowest detectable frequencies. 
As the contribution of the emission to the thermal noise of the system is estimated to be small, a 
stacking needs to be performed to identify the signature. As the signal is periodic in local sidereal 
time (EST), in which one EST day is about 23 hours and 56 minutes, the amplitude measured in the 
lowest relevant frequency bins is stacked in EST bins. This amplifies signals periodic in EST and 
smears out any signals periodic in local time. Any significant variation periodic in EST is therefore 
evidence for the sensitivity of the system to the Galactic emission. Models of the radio emission. 
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Figure 3; Left: Measured amplitude spectrum as function of time in December 2014 in one upward pointing 
antenna. An increase is visible at 1:00 AM on December 20th, which coincides with a coronal mass ejection, 
observed in X-ray and radio data. The Sun stays radio-loud after this burst and its transient can be observed, 
especially obvious on the 22nd, which coincides with increased auroral activity. The solar modulation is 
not visible in earlier data. Right: Trigger rates as function of time in the downward pointing antenna. The 
solar-loud phase of the Sun, results in increased trigger rates, which indicates that the Sun has also been 
detected in the downward facing antennas. 



Figure 4: Model of the radio emission (brightness temperature) at 85 MHz as derived from LFMap [10] 
as function of right ascension and declination on the sky. Also indicated is the horizon (thick black line) at 
a given time and the trajectories of the three different antenna pointings on the sky as markers with lines. 
These models are generally believed to have a scale uncertainty of 15%. 


such as LFMap [10] (see Figure 4), can be used in combination with a model of the antenna sen¬ 
sitivity [11] and the amplifier to predict the amount of Galactic emission that is measured. The 
ARIANNA LPDAs are less sensitive below 100 MHz due to their dimensions. However, it is likely 
that the antenna behavior in the top layer of the ice firn changes such that it will be more sensitive to 
lower frequencies, since the speed of light in the medium is decreased [12]. The maximum power 
is indeed observed around 85 MHz, which confirms fhaf fhe anfenna response is affecfed by fhe 
medium. In addition, Fresnel bending was faken info accounf when computing fhe antival direction 


5 


























































Livetime and sensitivity of the ARIANNA Hexagonal Radio Array 


Anna Nelles 



Figure 5: Measured and modelled amplitude in the Fourier Transform in the range of 85-130 MHz as 
function of local sidereal time. Shown are the measurements (points) and the predicted amplitudes (lines) 
for four types of antennas. Due to a missing calibration on the downward facing antennas of station X, an 
additional uncertainty is plotted. 


of the signal, but this did not affect the amplitude or time dependence appreciably. 

A measurement of this Galactic variation is shown in Figure 5, using data from the station at 
location X, which is equipped with upward tilted antennas. The Figure shows the average voltage 
amplitude measured in forced triggers in the bins of the Fourier transform between 85 and 130 MHz 
as a function of LST. Overlaid is a model of the Galactic emission. The power from the Galactic 
emission has been summed with the power from the intrinsic system noise as measured, to obtain 
the complete prediction as shown in Figure 5. It is shown in the figure that the downward pointing 
antennas should detect very little variation in their back-lobe, as already indicated in Figure 4. 
Also, almost no difference is expected between differently oriented channels. This is confirmed in 
data. The upward pointing antennas are very sensitive to the Galactic emission, as the front-lobe of 
the LPDA has the largest sensitivity and filters below 100 MHz have been removed on the upward 
facing channels. A significant variation is detected. The shape of the prediction does not fully 
match the measurements. It should be noted that the predictions are very sensitive to the antenna 
model used and an in-depth study of the effects of the ice on the antenna behavior is currently 
underway. However, these first predictions confirm the general antenna behaviour, as well as the 
measured amplitudes, which is an essential step in the understanding of the hardware. 

4. Background of cosmic rays 

In the radio-quiet environment at the ARIANNA site, the largest background, if any, is ex¬ 
pected to be caused by air showers induced by cosmic rays. Air showers show the strongest signals 
at lower MHz frequencies. On a ring at the Cherenkov-angle higher frequencies are also observed. 
However, the air shower radio footprint is largest at frequencies below 100 MHz, which is at the 
edge of the sensitivity of the ARIANNA band. The threshold energy for cosmic ray detection is 
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Figure 6: Example of an air shower simulation as performed for ARIANNA. The radio signals are simulated 
on a star-shaped pattern [14]. This allows for the interpolation of the signals, which in turn allows us 
to choose different array layouts and shower core positions. The predicted signals are a combination of 
CoREAS simulations and the models of the ARIANNA hardware. 

therefore determined in a region where small uncertainties in the modeling of the antenna have a 
large impact. In addition, air showers arrive in the less sensitive and less well-defined back-lobe of 
the antenna. To study the threshold energy and the expected rates in further detail, a library of 600 
CoREAS air shower simulations [13] (CORSIKA 7.4005, QGSJET-II-04, EEUKA) has been gen¬ 
erated. The simulated showers cover the energy range of 10^^ — 10^° eV. Using proton primaries 
covers the full range of A^ax more easily. Since the size of the radio footprint scales almost exclu¬ 
sively with the distance to the shower maximum, this will allow us to reweigh showers according 
to different composition assumptions later in the analysis. Previous studies show that the trigger 
rates depend sensitively on the accuracy of the EPDA response to low frequencies in the backward 
lobe direction. We plan to combine the low frequency response obtained in the previous section 
with improved modeling of the backward lobe in mixed media to obtain an improved estimate of 
the cosmic ray trigger rates. Simultaneously, we have started to develop new analysis procedures 
to specifically search for cosmic ray evenfs in HRA dafa. 

5. Conclusions and Outlook 

We have presenfed fhe performance of fhe HRA, fhe pilof program for fhe ARIANNA high 
energy neufrino defector. During ausfral summer, fhe sfafions show a livefime of more fhan 90% 
when equipped wifh a baffery fo supply power during March and April when fhe Sun periodically 
dips below fhe horizon. This is compatible wifh previous livefime measuremenfs from fhe HRA- 
3. The upgraded dafa-acquisifion sysfem has reduced fhe power consumption fo less fhan 6W, 
and doubled fhe waveform record fo 256 samples. Mosf dafa was IransfeiTed in realfime by high¬ 
speed wireless links fo McMurdo Sfafion, and fhe relafively small fraclion of remaining dafa will 
be collecfed during fhe nexf Anfarcfic campaign. In addition, fhe trigger rates were temporarily 
reduced to ~ mHz to test complete data transfer by SBD Iridium satellite modem with encouraging 
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results. The observation of continuous Galactic emission was used to demonstrate that the detector 
sensitivity is understood in the frequency range below 150MHz, which is an important frequency 
band for both neutrino and cosmic ray flux estimates. It is expected that HRA will resume routine 
operation in late September, 2015 when sunlight is again sufficient to power the stations. 
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